The paper presents the design phase of the actuators control system development for a morphing wing application. Some smart materials, like Shape Memory Alloy (SMA), are used as actuators to modify the upper surface of the wing made of a flexible skin. The actuations lines control is designed and validated using a numerical simulation model developed in Matlab/Simulink. The finally adopted control law is a combination of a bi-positional law and a PI law; the control must behave like a switch between cooling phase and heating phase, situations where the output current is 0 A, or is controlled by a law of PI type. The PI controller, for the heating phase, is optimally tuned using the Ziegler-Nichols criterion and the linear model obtained using the System Identification Toolbox of Matlab. The controlled linearized system for heating phase is numerically tested in terms of time response, stability, controllability and the observability. In the actuation control design final phase, numerical simulations, based on SMA non-linear analytical model, were used for validation.
INTRODUCTION
Many researches are made around the world in the new challenge field related to the morphing aircraft, with the purpose to improve operational efficiency, particularly by reducing fuel consumption (Chang, 2009 , Smith, 2007 , Hinshaw, 2009 , Gonzalez, 2005 , Namgoong, 2006 , Majji, 2007 , and Ruotsalainen, 2009 . Therefore, a lot of architecture were and are still imagined, designed, studied and developed, for this new concept application. One of these is our team project including the numerical simulations and experimental multidisciplinary studies using the wind tunnel for a morphing wing equipped with a flexible skin, smart material actuators and pressure sensors. The aim of these studies is to develop an automatic system that, based on the information related to the pressure distribution along the wing chord, moves the transition point from the laminar to the turbulent regime closer to the trailing edge in order to obtain a larger laminar flow region, and, as a consequence, a drag reduction.
The objective of here presented research work was to develop an actuation control concept for a new morphing mechanism using smart materials, like Shape Memory Alloy (SMA), as actuators. These actuators modify the flexible upper surface of the wing, changing the airfoil shape. The morphing wing project was developed by Ecole de Technologie Supérieure in Montréal, Canada, in collaboration with Ecole Polytechnique in Montreal and the Institute for Aerospace Research at the National Research Council Canada (IAR-NRC).
To achieve the aerodynamic imposed purpose, a first phase of the studies involved the determination of some optimized airfoils available for 35 different flow conditions (five Mach numbers and seven angles of attack combinations). The optimized airfoils were derived from a laminar WTEA-TE1 reference airfoil , and were used as a starting point for the actuation system design. The transition point position estimation is made using the information received from a pressure system sensors (optical and Kulite types) equipping the upper face of the wing. Two architectures were developed for morphing system: open loop and closed loop. The difference between the two architectures is given by using or not using the position of transition point as a feedback signal for the actuation lines control. Here described work was developed in the open loop phase; in this phase were made numerical and experimental studies related to the aerodynamics of the morphed wing, to the flexible skin realization, to the actuation system, to the control of the actuation system, and, also, to the real-time determination and visualization of the transition point position using the pressure sensor system. Here, the pressure sensors using is limited to the monitoring of the pressure distribution and of the RMS pressure distribution in the boundary layer.
ARCHITECTURE OF THE CONTROLLED MORPHING WING SYSTEM
The chosen wing model was a rectangular one, with a reference airfoil WTEA-TE1, a chord of 0.5 m and a span of 0.9 m. The model was equipped with a flexible skin made of composite materials (layers of carbon and Kevlar fibers in a resin matrix) morphed by two actuation lines (Fig. 1) . Each actuation line uses SMA wires as actuators. In the same time, 32 pressure sensors (16 optical sensors and 16 Kulite sensors), were disposed on the flexible skin in different positions along of the chord. The sensors are positioned on two diagonal lines at an angle of 15 degrees from centerline. The rigid lower structure was made from Aluminum, and was designed to allow space for the actuation system and wiring. Starting from the reference airfoil, depending on different flow conditions, 35 optimized airfoils were calculated for the desired morphed positions of the airfoil. The flow conditions were established as combinations of seven incidence angles (-1˚, -0.5˚, 0˚, 0.5˚, 1˚, 1.5˚, 2˚) and five Mach numbers (0.2, 0.225, 0.25, 0.275, 0.3) . Each of the calculated optimized airfoils must be able to keep the transition point as much as possible near the trailing edge. The SMA actuator wires are made of nickeltitanium, and contract like muscles when electrically driven. Also, these have the ability to personalize the association of deflections with the applied forces, providing in this way a variety of shapes and sizes extremely useful to achieve actuation system goals. How the SMA wires provide high forces with the price of small strains, to achieve the right balance between the forces and the deformations, required by the actuation system, a compromise must be established. Therefore, the structural components of the actuation system must be designed to respect the capabilities of actuators to accommodate the required deflections and forces.
Each of our actuation lines uses three shape memory alloys wires (1.8 m in length) as actuators, and contains a cam, which moves in translation relative to the structure (on the x-axis in Fig. 2 ). The cam causes the movement of a rod related on the roller and on the skin (on the z-axis). The recall used is a gas spring. So, when the SMA is heating the actuator contracts and the cam moves to the right, resulting in the rise of the roller and the displacement of the skin upwards. In contrast, the cooling of the SMA results in a movement of the cam to the left, and thus a movement of the skin down. The horizontal displacement of each actuator is converted into a vertical displacement at a rate 3:1 (results a cam factor c f =1/3). From the optimized airfoils, an approximately 8 mm maximum vertical displacement was obtained for the rods, so, a 24 mm maximum horizontal displacement must be actuated.
SMA ACTUATORS CONTROL DESIGN AND NUMERICAL SIMULATION
The control of SMA actuators can be achieved, in principle, using any method of position control, but the specific properties of SMA actuators, such as hysteresis, the first cycle effect and the long term changes must always be considered. Starting from the established concept of the actuation system the operating schema of the controller can be organized as is presented in Fig. 3 The first phase of the controller design supposes the numerical simulation of the controlled actuation system. Therefore, a model of SMA actuator was required. In our system a non-linear model was used (a numerical finite element one) build by Prof. P. Terriault using the theoretical model of Lickhatchev (Terriault, 2006) . The SMA model has as inputs the initial temperature of the alloy, the electrical current that heats the alloy and the applied force; the outputs are the displacement of the actuator and the temperature of the alloy during functioning. According to this model, to use the shape-changing characteristics the SMA needs to be initialized by an external force, which obliges it to go initially through the transformation phase and further to revert to the initial phase through the cooling phase. Before these two phases, the control can't be realized, due to the intrinsic behavior of the SMA (Terriault, 2006, and Popov, 2008) .
Looking the wing as an object moving through the atmosphere, aerodynamic forces are generated between the air and the wing; these forces vary in function of the airflow characteristics (Mach number, Reynolds number and α -angle of attack).
Since the aerodynamic forces are suction forces, it tends to lift the skin and to shorten the SMA wire. Against the aerodynamic forces action the elastic force of the flexible skin. A gas spring is needed in order to counteract the aerodynamic forces, so that the resultant force that acts on the SMA wire is given by equation
To have the premises necessary to initialize the SMA actuators in any conditions, they are loaded by the gas spring even if there are no aerodynamic forces applied on the flexible skin. So, the equation (1) becomes
where . ,
F SMA is the SMA resultant force, F spring -gas spring elastic force, F skin -elastic force produced by the flexible skin, F aero -aerodynamic force, F pretensionpretension force of the spring, c f -cam factor (1/3), k spring and k skin are the elastic coefficients of the spring, and of the skin, respectively, δ h and δ v are the horizontal and vertical actuated displacements.
Implementing the SMA actuators model in a Matlab S-function, the simulation model in Fig. 4 was obtained. As can be observed, to control the SMA actuators, an adequate electrical current must supply it. The length of the SMA wires is a complex function of the SMA load force and temperature, the last one being influenced by the supplying current in time and by the interaction of the wires with the environment in theirs cooling phase (when the electrical supply is removed) (Grigorie, 2009) . 
A MORPHING WING USED SHAPE MEMORY ALLOY ACTUATORS NEW CONTROL TECHNIQUE WITH BI-POSITIONAL AND PI LAWS OPTIMUM COMBINATION -Part 1: Design Phase
The block "Mechanical system" in Fig. 4 was modeled accordingly with the equations (1) to (3). As is shown in Fig. 2 , the horizontal and the vertical actuated distances are correlated by using the "cam factor" c f =1/3. Therefore, the aerodynamic and the skin forces (F aero and F skin ) are reflected in the SMA load force (F SMA ) with the same rate. The gas spring has a preloaded force of 1500 N and a linear elastic coefficient of 2.95 N/mm. In simulations a linear elastic coefficient of approximate 100 N/mm was considered for the skin.
The envelope of the SMA actuator, obtained through numerical simulation for different aerodynamic load cases, is shown in Fig. 5 . As can be observed from Fig. 5 , to obtain a skin maximum vertical displacement (8 mm) in absence of aerodynamic force, it is required a high temperature (approximately 162˚C) in order to counteract the spring force. Because the ability of the SMA wires to contract is dependent upon Joule heating to produce the transformation temperature required, the need in higher temperature is reflected by a need in higher electrical current. Due to the fact that the aerodynamic forces reduce the actuators load the required current and temperature values are decreased; i.e. for F aero =1800 N the need in temperature for the maximum vertical displacement obtaining is approximately 90˚C. From other point of view, the ability of the SMA wires to return to their original configuration is dependant upon the ability of the system to cool the wires. The simulated SMA model offers just summary information about this subject, the proper heating and cooling of the wires being observed only in the moment of a thermodynamic analysis of the physical morphing wing. The system architecture play a big role in the wire cooling by the convection process, and also the performances of the system can be negatively influenced by heat transfer from actuators to the other components. According with Fig. 3 , the integrated controller purpose is to control the SMA actuators in terms of supply electrical current so that to cancel the deviation e between the required values for vertical displacements (corresponding to the optimized airfoils) and the real values, obtained from position transducers. As mentioned previously, the design of such controller is difficult considering the strong nonlinearities of the SMA actuators characteristics, nonlinearities significantly influenced by the forces with which they are tense. The chosen design procedure consisted of the following steps:
Step 1: numerical simulation of the SMA model actuators for certain values of the forces in the system;
Step 2: approximation of the system with linear systems in the heating and cooling phases using the System Identification Toolbox of Matlab and the numerical values obtained at the Step 1;
Step 3: the choice of the controller type and its tuning for each of the two SMA actuators phaseheating and cooling;
Step 4: the integration of the two obtained controller in a single one followed by its validation for the general model of the system (non-linear).
Because the team that established the actuation line architecture (Georges, 2009) suggested that the pretension force of the gas spring must have the value F pretension =1500 N, F aero = 1500 N value was chosen in numerical simulations for the aerodynamic force. Simulating a cooling phase followed by a heating phase with the model in Fig. 4 , the blue characteristics depicted in Fig. 6 were obtained. In the first graphical window of the figure is presented the SMA wire length changing in time (δ h ), while in the second window the SMA wire temperature values in the two phases are shown. One observes that a SMA wire dilatation results in the cooling phase, and a wire contraction is obtained in the heating phase. For a horizontal actuation distance of approximately 24 mm the wire temperature reaches a value near by 100˚C. Note are the transient time to reach the steady-state values for the two phases: approximate 60 s for the cooling phase and approximate 40 s for the heating phase. For the steady-state, after the cooling phase, the numerical simulation obtained forces were: F SMA =1000 N, F skin =0 N and F spring =1500 N. In this steady-state the system is relaxed in terms of mechanical and the vertical displacement of the actuator is null. For the steady-state, after the cooling phase, the numerical simulation obtained forces were: F SMA =1337 N, F skin =266.1 N and F spring =1571 N. This steady-state corresponds to the actuation system maximal vertical displacement of approximately 8 mm.
Using the Matlab System Identification Toolbox 
where H h (s) and H c (s) are the transfer functions for heating and cooling phases. The displacements δ h , corresponding to the linear systems obtained through the two phases identification, are depicted with red line in Fig. 6 . A very good approximation can be also observed for the two phases through the identification in simulated conditions. The previously established transfer functions help to the controller type choice for each phase and to its tuning. Considering the significance of physical controlled phenomenon, that the SMA wire must be heated to contract and then cooled to dilate by providing an appropriate electrical current by the control block, it is normal that in the cooling phase the actuators not be powered. This phase of cooling may occur in controlling not only a long-term phase, when it ordered a switch between two values of the actuator displacements, but also as a short-lived phase, which occurs when the real value of the deformation exceeds its desired value and is need to cool the actuator wires. On the other hand, it is imperative that in the heating phase actuators to be controlled so that the stationary error of the automatic system to be zero. Therefore, for this phase one opted for a simple architecture of the controller of PI type (proportional-integral). It combines the advantages of proportional type controller, which reduces substantially the overshoot and lead to a short transient time, with the benefits of the integral controller, which cancels the steadystate system error. As a consequence, the resulted controller must behave like a switch between cooling phase and heating phase, situations where the output current is 0 A, or is controlled by a law of PI type. The two phase's interconnection leads to an integrated controller, which can be viewed as a combination of a bi-positional controller (an on-off one) and a PI (proportional-integral) controller.
The input-output characteristic of a bi-positional (on-off) controller can be described by the equation
where i(t) is the command variable (electrical current in our case) in time, i m reflects the value of the command and e is the operating error (Fig. 3) . The PI controller law is given by
with K P -the proportional gain, and K I -the integral gain. Combining the two controllers in a single one, based on the rules previously mentioned results the control law of the integrated controller as the form
The optimal tuning of the controller in heating phase was realized using an integral criterion, the error minimum surface criterion, very well known in the literature as Ziegler-Nichols criterion (Mihoc, 1980) ; the tuning methodology is: a) the regulator is considered as a proportional one (P) and it is tuned with respect to the K P parameter; b) the amplification factor K P is increased until the response of the automatic system will be selfsustained oscillatory. One memorizes the value K P0 of K P for which the system has an oscillatory behavior and the value of oscillations semi-period (T 0 ). The optimal values for the parameters of the PI regulator are determined using the relations: 
As a consequence, the controlled system in hea-
ting phase can be modeled with an approximate linear system with the block schema in Fig. 7 . The parameters a 0 ÷a 2 and b 0 ÷b 3 in the schema are the coefficients of the H h (s) transfer function nominator and denominator in ascending power of s (eq. (4) .5396, 19.0422, 
One can observe that all poles of the transfer function are placed in the left-hand side of the s-plane, and the obtained system is stable. In the state-space representation 
As a consequence, the system is completely controllable and observable. Based on the previously considerations, the final form of the integrated controller law is Introducing the controller in a general block schema, with the non-linear SMA model, the Simulink model in Fig. 8 was obtained for the SMA actuators control (see Fig. 3 ). The input variable of the schema is the desired skin deflection and the output is the real skin deflection.
The "Integrated controller" block contains the implementation of the law described by equation (20) and of the preliminary observations related to the SMA actuators physical limitations in terms of temperature and supplying currents. Its schema is shown in Fig. 9 . The inputs of the block are the control error (difference between the desired and the obtained displacements) and the wires temperature, and the output is controlled electrical current applied on the SMA actuators. There are two switches in the schema; the first one chooses one of the two options in the control law (20) and the second one switching the electrical current value to 0A when the SMA temperature value is over the imposed limit. Also, a current saturation block is used to prevent the current increase over the physical limit supported by the actuation SMA wires. Loading the simulated model with aerodynamic force F aero = 1500N, the characteristics in Fig. 10 are obtained for a 6 mm step desired skin deflection (δ v ). First of all, can be observed that the controller work good, the transition to the desired steady-state being significantly improved through the integration of the two control law in the equation (20): 1) the amplitudes of oscillations were reduced and the observed oscillations in the SMA temperatures around the steady-state are due only to the thermal inertia of the smart material; 2) the values of the transition time from 0mm to the steady-state values decrease from 20÷25 to approximate 5 s.
CONCLUSIONS
The objective of here presented research work is to develop an actuation control concept for a new morphing mechanism using smart materials, like Shape Memory Alloy (SMA), as actuators. These smart actuators modify the upper surface of a wing made of a flexible skin so the laminar to turbulent transition point moves close to the wing airfoil trailing edge.
The designed controller must controls the SMA actuators in terms of supply electrical current so that to cancel the deviation between the required values for vertical displacements (corresponding to the optimized airfoils) and the real values, obtained from position transducers. The envelope of the SMA actuator in Fig. 5 , obtained through numerical simulation using model in Fig. 4 for different aerodynamic load cases, confirms that the length of the SMA wires is a complex function of the SMA load force and temperature, the last one being influenced by the supplying current in time and by the interaction of the wires with the environment in theirs cooling phase (when the electrical supply is removed). As can be observed from Fig. 5 , to obtain a skin maximum vertical displacement (8 mm) in absence of aerodynamic force, it is required a high temperature (approximately 162˚C) in order to counteract the spring force. Because the ability of the SMA wires to contract is dependent upon Joule heating to produce the transformation temperature required, the need in higher temperature is reflected by a need in higher electrical current. Due to the fact that the aerodynamic forces reduce the actuators load the required current and temperature values are decreased; i.e. for F aero = 1800 N the need in temperature for the maximum vertical displacement obtaining is approximately 90˚C.
The final configuration of the integrated controller was a combination of a bi-positional controller (particularly an on-off one) and a PI (proportional-integral) controller, due to the two phases (heating and cooling) of the SMA wires interconnection. The resulted controller must behave like a switch between cooling phase and heating phase, situations where the output current is 0 A, or is controlled by a law of PI type.
Using an integral criterion, the error minimum surface criterion (Ziegler-Nichols), the PI controller for the heating phase was optimal tuned, the resulted values are K P =1792.8 and K I =787.0061. Evaluating the systems' performances one observed that the poles of closed loop transfer function of the controlled heating phase resulted with the values (14) are all placed in the left-hand side of the splane, so the obtained system is stable. On the other way, the system was found to be completely controllable and observable based on the values established in equations (17)÷(19). So, the final form of the integrated controller law was (20) .
Loading the numerically simulated general model (the non-linear one with F pretension =1500N) in Fig. 8 with aerodynamic force F aero = 1500N, the obtained characteristics in Fig. 10 confirm that the controller works good, the transition to the desired steady-state being significantly improved through the integration of the two control law in the equation (20): 1) the amplitudes of oscillations were reduced and the observed oscillations in the SMA temperatures around the steady-state are due only to the thermal inertia of the smart material; 2) the values of the transition time from 0mm to the steady-state values decrease from 20÷25 to approximate 5 s.
As second and third validation methods a bench test and a wind tunnel test were performed and will be presented in the second part of the paper, related to the experimental validation.
